ASBTRACT
The transition from active growth to dormancy is critical for the survival of perennial plants.
We identified a DEMETER-like (CsDML) cDNA from a winter-enriched cDNA subtractive library in chestnut (Castanea sativa Mill.), an economically and ecologically important species. Next, we characterized this DNA demethylase and its putative orthologue in the more experimentally tractable hybrid poplar (Populus tremula x alba), under the signals that trigger bud dormancy in trees. We performed phylogenetic and protein sequence analysis, gene expression profiling and 5mC immunodetection studies to evaluate the role of CsDML and its homologue in poplar, PtaDML6. Transgenic hybrid poplars overexpressing CsDML were produced and analyzed. Short days (SD) and cold temperatures induced CsDML and PtaDML6.
Overexpression of CsDML accelerated SD-induced bud formation, specifically from stage 1 to 0.
Bud acquired a red-brown coloration earlier than wild type (WT) plants, alongside with the upregulation of flavonoid biosynthesis enzymes and accumulation of flavonoids in the SAM and bud scales. Our data shows that the CsDML gene induces bud formation needed for the survival of the apical meristem under the harsh conditions of winter. This study provides in planta evidence implicating chromatin remodeling by DNA demethylation during SD induction of bud maturation through the induction of flavonoids biosynthesis.
INTRODUCTION
Coordinating growth and reproduction with the environment is essential for the survival of perennial plants in temperate and boreal latitudes (Peñuelas and Filella, 2001) . In these regions, deciduous and periodic growth habits evolved into a single trait known as winter dormancy. Winter dormancy begins with growth cessation through the arrest of meristems activity and subsequent enclose of the apical meristem into a dormant winter bud, a process called bud set (Rohde and Bhalerao, 2007; Paul et al., 2014) . This process is required for the establishment of dormancy in the meristem, although considerable time may elapse before full winter dormancy is achieved (Rohde et al., 2002; Rohde and Bhalerao, 2007) . For some perennial plants such as poplar, the perception of SD is sufficient to promote cessation of growth and bud formation (Ding and Nilsson, 2016) . These processes may be positively influenced by synergic crosstalk between SD and temperature decrease in autumn (Rohde et al., 2011a) . (Böhlenius et al., 2006) . Downregulation of the FT2 gene by SD was shown to be an early event promoting growth cessation (Böhlenius et al., 2006; Hsu et al., 2011) . Downstream of FT2, and during the subsequent downregulation of FLOWERING LOCUS D-LIKE1 (FDL1), MADS box transcription factors Like-APETALA1 (LAP1) and AINTEGUMENTA LIKE1 (AIL1) were also found to play a role in growth cessation under SD conditions in poplar apices (Karlberg et al., 2010; Petterle et al., 2013; Azeez et al., 2014; Tylewicz et al., 2015) . Phytochrome photoreceptors and circadian clock core components upstream of these genes have also been implicated in the early regulation of growth cessation by SD (Ibáñez et al., 2010; Kozarewa et al., 2010; Ding and Nilsson, 2016) . While shoot elongation ceases, apical buds develop. During this process, leaf primordia become bud scales enclosing the apical meristems and preformed embryonic shoots. These bud scales accumulate phenolic compounds, leading to their characteristic redbrown color (Rohde et al., 2002) . ABI3 is involved in this processes and ethylene resistant birch shows an altered bud development (Rohde et al., 2002; Ruonala et al., 2006) . SD signals also influence growth by modulating gibberellic acid and indole-acetic acid pathways (Eriksson et al., 2000; Petterle et al., 2013; Zawaski and Busov, 2014) .
Early insights into the molecular mechanisms of growth cessation and bud set induced by SD were gained through the analysis of the poplar homologues of Arabidopsis (Arabidopsis thaliana L.) CONSTANS (CO) and FLOWERING LOCUS T (FT)
Several transcriptome studies in Populus spp. and other perennial plants have correlated the expression patterns of genes linked to DNA methylation with the transition from active growth to dormancy of the apical and stem meristems (Karlberg et al., 2010; Rios et al., 2014; Shim et al., 2014; Howe et al., 2015) . Genomic DNA methylation is known to be involved in numerous aspects of chromatin function, particularly gene expression (Law and Jacobsen, 2010) . In plants, three classes of DNA methyltransferases catalyze 5-methyl-cytosine methylation (5mC) in symmetrical (CG or CHG) and nonsymmetrical (CHH) contexts (H represents A, T or C) (Zhang et al., 2010) . However, the opposite process, regulation of 5mC DNA demethylation, is less well understood. DNA methylation may take place passively through the synthesis of unmethylated strands during DNA replication (Law and Jacobsen, 2010), or actively through the actions of enzymes that remove methylated bases. Plants have evolved specific enzymes to remove methylated cytosines, and these include a subgroup of DNA glycosylase-lyases known as DEMETER LIKE DNA demethylases (DMLs). Methylome studies performed in Arabidopsis and Populus trichocarpa (Torr & Gray) have demonstrated that DNA methylation in promoter and upstream sites near the transcriptional start site (TSS) suppress gene expression (Zhang et al., 2006; Vining et al., 2012; Lafon-Placette et al., 2013; Liang et al., 2014) . In Arabidopsis, active DNA demethylation by DMLs reduces extensive DNA methylation near TSS and the 3´ end of the transcribed region in hundreds of discrete loci of the genome (Penterman et al., 2007; Zhu et al., 2007; Ortega-Galisteo et al., 2008) . Prior work in Arabidopsis, tomato (Solanum lycopsersicum L.) and tobacco (Nicotiana tabacum L.) has assigned DMLs a main role as transcriptional activators of their target genes. Indeed, gene activation by DMLs is necessary for the response of plants to biotic and abiotic stresses (Yu et al., 2013; Le et al., 2014; Bharti et al., 2015) and for plant development (Gehring et al., 2006; Liu et al., 2015) . Epigenetic regulation of adaptive responses of forest tree species to the environment, such as changes in DNA methylation, have been implicated in the switch from active growth to dormancy (Santamaría et al., 2009; Conde et al., 2013; Zhu et al., 2013; Kumar et al., 2016) , possibly one of the most critical developmental transitions for the survival of perennial plants. However, functional studies have not confirmed this hypothesis. Here we report the identification, phylogenetic and expression analyses and phenological studies of a chestnut 5mC DNA demethylase that triggers apical bud maturation under SD conditions in poplar.
RESULTS

Identification of a DEMETER-LIKE gene during autumn in Castanea sativa
To identify candidate genes regulating the winter dormancy process, we selected a cDNA showing similarity to a DNA glycosylase that was preferentially expressed at the beginning of autumn (Fig. S2A ). InterPro analysis of the full-length sequence revealed the presence of a conserved HhH-GPD domain (helix-hairpin-helix and Gly/Pro rich loop followed by a conserved aspartate). The HhH-GPD domain belongs to the superfamily of the DNA glycosylases, which excise oxidized and methylated bases, correcting base pairing mismatches (Denver et al., 2003) . Phylogenetic analyses of the Arabidopsis and poplar homologues of this chestnut DNA glycosylase showed that the protein clusters in the clade of 5mC DNA glycosylases (5mC), closer to the Arabidopsis DEMETER and poplar PtDML6 (Fig. 1 ). Based on this finding, the chestnut protein was named CsDML (Castanea sativa DEMETER-like). Biochemical and structural analyses have shown that Arabidopsis DEMETER (AtDME), DEMETER LIKE 2/3 (AtDML2, AtDML3) and REPRESSOR OF SILENCING 1 (AtROS1), all grouping in this cluster, are DNA glycosylases that specifically remove 5mC from DNA (Zhu, 2009 induced by SD, thus suggesting a locus-specific activity for this gene during bud development.
CsDML OX plants differentially express genes involved in bud formation
To investigate the molecular basis causing the acceleration of bud maturation in CsDML OX plants, a genome wide transcriptome analysis was performed by RNA sequencing. WT and CsDML OX1 and OX3 plants were first grown in LD conditions during 4 weeks and then in SD conditions for additional 4 weeks. Apices were collected on day 28, just before the early bud maturation took place in CsDML OX plants (Fig. 4A ). Total RNA was extracted from 25 pooled apices per genotype and RNA-seq libraries were generated and sequenced. Transcriptome comparisons identified 318 DEG in CsDML OX lines compared to the WT, among which 79 were found to be upregulated and 239 downregulated (Table S1 ). To examine their molecular functions, GO analysis of these DEGs was conducted (Table S2 ). Upregulated genes in CsDML OX lines did not show significant enrichment in any biological categories. Downregulated genes showed enrichment in the following categories: cellular processes, cell cycle and cell division, DNA and chromatin modifications, anatomical structure development, and developmental processes ( Table S2 ).
Upregulation of flavonoid biosynthesis have been shown as molecular markers of bud maturation (Ruttink et al., 2007; Tylewicz et al., 2015) . Our transcriptome analyses revealed three upregulated genes in CsDML OX plants encoding putative enzymes belonging to the flavonoids biosynthetic pathway. They were a chalcone synthase (CHS), a quercetin 3-Oglucosyltransferase (3GT) and a dihydroflavonol 4-reductase (DFR) ( Table S1 ). CHS and DFR enzymes are known to be involved in the early steps of flavonoid biosynthesis (Ono et al., 2010) , so upregulation of these genes in CsDML OX plants could correlates with their early red coloring during bud maturation (Perry, 1971; Tylewicz et al., 2015) .
The induction of PtaCHS, PtaDFR and Pta3GT mRNAs, codifying for enzymes belonging to the flavonoids biosynthetic pathway, were confirmed by qRT-PCR studies, showing their differential accumulation after 21 days under SD conditions in apices of CsDML OX plants compared to WT plants. Expression of PtaCHS was 2.7 and 2.3 times higher in CsDML OX1 and CsDML OX3 than in WT. PtaDFR was 9 and 4.6 higher in CsDML OX1 and CsDML OX3 than in WT and Pta3GT was 3.7 and 2.1 higher in CsDML OX1 and CsDML OX3 than in WT (Fig. 6A ).
CsDML OX accumulates flavonoids earlier than WT in SAM and bud scales
To determine whether an increment of flavonoid biosynthetic genes correlates with flavonoid accumulation, we quantified the absorbance of flavonoids in apical buds of WT, CsDML OX1
and CsDML OX3 after 48 days in SD. Both transgenic lines, showed an increment of the absorbance of flavonoids compared to WT, indicating the involvement of CsDML in the early accumulation of flavonoids (Fig. 6B ).
The spatio-temporal accumulation of flavonoids was explored by detecting quercetin, a flavonoid of the flavonol subgroup that can be identified by fluorescence after staining with DPBA. We localized and quantified quercetin in apical buds of CsDML OX1, CsDML OX3 and WT plants, after 28 and 48 days of SD induction. Apical buds were already formed after 28 days under SD conditions, although still immature, in WT, CsDML OX1 and CsDML OX3 trees. At this time point, the red fluorescence emitted by quercetin-DPBA is primarily expressed in SAM.
However, higher fluorescence intensity was detected in CsDML OX1 and CsDML OX3 SAM, compared to WT (Fig. 6, C and D) . After 48 days, bud maturation occurred earlier in the OX than in WT plants, as indicated by the more intense red-brown coloration (Fig. 4 and S3 ). In the SAM of the three genotypes, fluorescence was higher after 48 days than after 28 days, suggesting a more significant accumulation of quercetin in SAM under SD (Fig. 6 , C-F).
Accordingly, fluorescence intensity was higher in the SAM of the transgenic lines than in WT.
After 48 days in SD, quercetin-DPBA fluorescence is also highly detected in external bud scales of both transgenic lines ( Altogether, these results showed that CsDML promotes the induction of flavonoid biosynthesis enzymes, needed for apical bud maturation through the accumulation of flavonoids in the SAM and bud scales, during SD induced bud formation.
DISCUSSION
A putative locus-specific 5mC DNA demethylase is involved in bud maturation
Here we show that CsDML is preferentially expressed at the beginning of autumn in response to SD and cold temperatures. Our qRT-PCR and RNA FISH studies confirm the induction by SD of the poplar closest orthologue of the chestnut CsDML, PtDML6, in the apical meristem.
Previous RNA-seq studies have associated PtDML6, with dormancy induction, in poplar stem and apex (Shim et al., 2014; Fig. S4 ). These results suggest that activation of a 5mC demethylase during bud maturation is conserved both in chestnut and poplar. SD treatment promotes an overall increase in 5mC DNA methylation in SAM and leaf primordial tissues. Such increased levels of 5mC DNA methylation have been previously observed during winter in chestnut and poplar (Santamaría et al., 2009; Conde et al., 2013) . Also, the spatial pattern of the PtDML6 transcript in apical buds detected by FISH overlaps with that of 5mC immunofluorescence methylation observed under SD-induction conditions. Overall 5mC levels in apical buds were unaffected by CsDML overexpression in poplar, both under LD conditions and following 24 days of exposure to SD. Other authors have reported a locus-specific 5mC DNA demethylation in response to stress for Arabidopsis ROS1, DML2 and DML3 (Zhu et al., 2007; Yu et al., 2013; Le et al., 2014) . On the basis of these results, we propose that PtDML6
and CsDML act as locus-specific 5mC DNA demethylases during bud maturation.
CsDML accelerates apical bud maturation
During SD-induced bud development, two concatenated events can be identified: cessation of shoot elongation and apical leaf formation, and the progressive arrest of cell proliferation while the buds are formed (Rohde et al., 2002) . The later includes differentiation of leaf primordia into bud scales alongside with the formation of the embryonic shoot. Bud scales accumulate flavonoid components leading to their characteristic red-brown color (Rohde et al., 2002; Tylewicz et al., 2015) . In addition to the above-mentioned transformations, the SD signal promotes the acquisition of cold and desiccation tolerance in apical and cambial meristems Our observations suggest that overexpression of CsDML only impacts the formation of the bud, while growth arrest continues unaltered. This suggests that the activity of the CsDML protein requires other SD dependent factors (or that must first be removed) for DML to function. In our transcriptional profiling of CsDML OX compared to WT, we did not detect enrichment either for ABA or for ethylene pathway enzymes, even though several ABA-related genes such as LATE EMBRYOGENESIS ABUNDANT (LEA) were found among the DEG (Table S1 ). Therefore, we propose that our 5mC DNA demethylase controls bud formation separately from ethylene and may act downstream or independently of ABI3. Because CsDML OX plants did not differ phenotypically from WT plants until the 4th week of SD treatment, CsDML may act jointly with the ABA signal, which accumulates in apical buds at the same time after SD induction (Ruttink et al., 2007) .
Overexpression of CsDML promotes flavonoid biosynthesis
Phenylpropanoids pathway has been extensively investigated in model tree species due to the increasing interest of renewable energy resource (Li et al., 2014) . The transition from active growth to dormancy has been associated to a decreased cellulose biosynthesis, concomitant to the generation of phenylpropanoids (lignin and flavonoids) (Perry, 1971; Rohde et al., 2002; Tylewicz et al., 2015) . Accordingly, our comparative RNA-seq analyses of SD-induced apical 
CONCLUSION
Based on our observations, we propose the following model for the implication of a DML in the SD-mediated control of bud maturation. As the day-length shortens, DML mRNA accumulates in poplar SAM and leaf primordial. DML acts as a locus-specific 5mC DNA demethylase, activating genes encoding enzymes of the flavonoids biosynthesis pathway. These flavonoids will be implicated in bud maturation through: the acquisition of the characteristic red-brown color, acting as a sunscreen protecting the organs enclosed within the buds against photo oxidative damage and the repression of cell proliferation, which ultimately could be triggering the acceleration of bud formation. This study provides in planta evidence for a role of 5mC DNA demethylase activity in the regulation of bud maturation through the biosynthesis of flavonoids.
MATERIAL AND METHODS
Plant materials, growth conditions and assays
To monitor gene expression throughout the year, 2-year-old branches were harvested monthly 
Quantitative RT-PCR expression analysis
The procedures used for total RNA extraction, synthesis of single-stranded cDNA, design of gene-specific primers, quantitative real-time PCR (qRT-PCR) and data analysis have been previously described in Ramos et al. (2005) and Ibañez et al. (2008) . 18S was previously used as reference gene (Ramos et al., 2005; Ibañez et al., 2008; Berrocal-Lobo et al., 2011; Hsu et al., 2011) showing to be stably expressed in all the different conditions used for this study both in chestnut and poplar. The primers used are described in Fig. S1A .
Generating constructs in a binary vector and poplar transformation
The coding sequence (CDS) of the CsDML gene was amplified from chestnut cDNA using PfuUltra Hotstart High-Fidelity DNA polymerase (Agilent Technologies, La Jolla, CA, USA) and the primers used are described in Fig. S1B . The attB-flanked PCR product was purified, inserted 
Immunofluorescence of 5mC in SD-induced shoot apices
Overall DNA methylation in 5mC residues was examined by immunofluorescence in SDinduced (for 24 days) and non-induced shoot apices of CsDML OX and WT hybrid poplars (CsDML OX1, CsDML OX3 and WT). These apices were formaldehyde-fixed and preserved as previously described in Conde et al. (2013) before embedding in paraffin wax. For this, the specimens were washed twice in PBS (30 min each) and dehydrated in a series of 30%, 50%, 70% (1 h each) and 95% ethanol overnight. Specimens were then washed in 100% ethanol for 12 h. Ethanol was then replaced with a mixture 50% histoclear (HC)-50% ethanol overnight and 100% HC for 12 h (twice). Vials containing the apices were filled up to a quarter of their volume with paraplast and incubated at 42°C for 12 h. Next, another quarter of volume was added, followed by incubation at 60°C overnight. Paraplast in HC was replaced with melted paraffin wax (60°C), and this was replenished every 12 h for 5 days. Finally, the apices were placed in molds and, after solidification at room temperature, they were kept at 4°C. Sections of 15-20 µm were obtained in a microtome Leica 2055 (Leica Microsystems, Wetzlar, Germany) and the paraffin was removed in HC for 15 min and then in 100% ethanol for 15 min. The sections were rehydrated in a series of 96% and 70% ethanol for 10 min each and, finally, in PBS for 15 min.
Images of immunolocalization were acquired using a Leica TCS-SP8 confocal microscope under the laser excitation line of 561nm. Gain and offset conditions were maintained in all captures for comparison purposes. Signal quantification in apex sections were performed as reported in (Conde et al., 2013) . Three independent samples were analyzed for each genotype and time point.
Probe synthesis and Fluorescence in situ hybridization (FISH)
A specific probe to the mRNA of PtaDML6 was synthesized from a fragment of 1100-pb-long of the 5´ of the Untranslated Terminal Region (UTR). The PtaDML6 DNA was cloned into pGem-T (Promega, Madison, WI, USA). The probe was in vitro transcribed to obtain digoxigenin-UTP (DIG) labeled RNA probes using T7 and Sp6 RNA polymerases for the sense and the anti-sense mRNA probes, respectively (Roche Applied Science, Mannheim, Germany). The probe of 1100-pb-long was subjected to a mild carbonate hydrolysis step to obtain aprox. 100-pb-long RNA fragments before hybridization (Cox et al., 1984) .
The specimens for FISH were collected from WT poplar trees growth under SD at time points 0 and 24 days. Apexes were fixed, paraffin-wax embedded and cut as described before for the immunolocalization of global 5mC. After deparaffination, dehydration and rehydration, as previously described, bud sections were treated with 2% cellulase and proteinase K (1 µg ml -1 ) at 37°C, for 1 hour each. Afterwards, 30 ng µl -1 of either the sense or the antisense probe diluted in the hybridization mixture (50% formamide, 10% dextrane sulfate, 10 mM Pipes, 1 mM EDTA, 300 mM NaCl, 1000 ng µl -1 tRNA) was applied to the sections and incubated at 50°C overnight. After hybridization the slides were washed in 1X Saline Sodium Citrate buffer (SSC) for 30 minutes at 50ºC. DIG detection and fluorescence visualization were carried out with a primary anti-DIG (Sigma) antibody, diluted 1/3000 in 3% BSA in PBS for 1 hour at room temperature, and a secondary anti mouse 546 (ALEXA, Molecular Probes) antibody, applied 1/25 in 3% BSA in PBS for 1 hour at room temperature in the dark. Images were acquired using a Leica TCS-SP8 confocal microscope under the laser excitation line of 561 nm. Gain and offset conditions were maintained in all captures for comparison. Three independent samples were analyzed for each genotype and time point.
Quercetin fluorescence detection
Quercetin accumulation was examined by fluorescence in apical buds of CsDML OX1, CsDML OX3 and WT plants after 28 and 48 SD, using diphenylboric acid-2-aminoethyl ester (DPBA, Sigma-Aldrich) dye (0.25% in water). Quercetin-DPBA fluorescence was collected on a Leica MZ10F stereomicroscope with a GREEN filter (excitation BP 546/10, emission LP 590). Images were recorded with CCD Leica DFC 420C camera. The specificity of the signal was already tested for this flavonoid (Silva-Navas et al., 2016) . Three independent samples were analyzed for each genotype and time point.
Flavonoids measurements
To determine the total flavonoid content of CsDML OX1, CsDML OX3 and WT plants after 48 days in SD, 100 mg of fresh weight of a pull of 4 apical buds for each sample, were homogenized in HCL:methanol (1:99, v/v Du et al., 2010) . Enriched GO categories were identified using an FDR-adjusted value of ≤0.05 as the cutoff for significance.
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